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Abstract: Adipose-derived stem cells (ADSCs) showed morphological change to a neuron-like shape, and presented neuronal lineage
bias when cultured on a very soft surface. To gain basic insight into gene expression relating to neuronal lineage bias in ADSCs, we
examined the correlation between the gene expression levels of neuronal markers and redox proteins that were considered to have a
close relation with lineage specification in stem cells. ADSCs were cultured on gelatinous soft hydrogel for 1–2 weeks. The time course
changes in the expressions of neuronal genes (TUBB3 and NSE) and redox genes (TRX1, SOD1, SOD2, PRX2, GSTT1, and GSTP1)
were monitored using real-time PCR. It was found that the TUBB3 gene had significantly upregulated compared to the control condition
for tissue culture polystyrene, indicating that the neuronal gene expression of ADSCs could be achieved on soft hydrogel without the
addition of any supplement. The expressions of the TRX1 and SOD1 genes were also observed to have significantly upregulated on the
soft hydrogels. The results demonstrate that the upregulation of the neural marker of TUBB3 in the ADSCs correlates well with the
upregulation of the redox genes of TRX1 and SOD1, when cultured on appropriate soft hydrogel substrates.
Key words: Soft hydrogel, neuronal gene, adipose-derived stem cells, oxidative stress, redox gene

1. Introduction
Adipose-derived stem cells (ADSCs) are multipotent
stem cells within the adipose tissue, and are considered
a promising source of stem cell population (Gimble
et al., 2007; Mizuno et al., 2012). ADSCs offer unique
opportunities as novel cell-based therapeutics and as
traditional pharmaceutical discovery tools that could have
a significant therapeutic impact in the future (Gimble and
Nuttall, 2011). ADSCs have demonstrated their ability to
differentiate into somatic cells of mesenchymal tissue, such
as adipocytes, chondrocytes, myocytes, and osteoblasts
(Baer and Geiger, 2012). Moreover, ADSCs have the
potential to trans-differentiate along neuronal lineage
(Abdanipour et al., 2011; Han et al., 2014). Devastating
human diseases, such as spinal cord injury and stroke,
may be cured through cell-based therapy and regenerative
medicine by using ADSCs. One of the most promising
strategies for manipulating ADSCs is seeding them on
appropriate biomaterials (Gardin et al., 2011; Choi et al.,
2012), in addition to developing the specific differentiation
medium.
* Both authors contributed equally to this work.
** Correspondence: fahsai.k@cmu.ac.th
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In relation to the above, it is well known that the
physical characteristics of the surface can be used to
manipulate proliferation, growth, and survival of bone
marrow stem cells (BMSCs). Many studies have shown
that the physical properties of the surface can stimulate
the differentiation of BMSCs without any growth factor or
stimulant (Discher et al., 2005; Evans et al., 2009; Reilly
and Engler, 2010). Matrix elasticity has also been used
to control the development of stem cells (Kuboki et al.,
2012). It has been reported that different degrees of surface
elasticity have resulted in the development of BMSCs in
different ways; for example, very soft surface of collagencoated polyacrylamide gels (0.1–1 kPa) could be qualified
as neurogenic surfaces (Engler et al., 2006). Taking these
reports into consideration, very soft substrate may also
support neuronal differentiation of ADSCs and BMSCs,
as it can mimic the natural mechanical properties of the
nerve tissue. In our preliminary experiments, we found
that ADSCs developed a neuron-like shape when seeding
on very soft hydrogels, which is worth investigating for
neuronal differentiation of ADSCs. As a first step, the
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present study aimed to evaluate the responses in the gene
expression of ADSCs with neuronal lineage bias affected
by the physical properties of culture surface.
Several researchers have reported on the cellular redox
state changes during proliferation and differentiation
(Gopalakrishna et al., 2008; Cassano et al., 2010; Vieira
et al., 2011; Santos et al., 2013). Changes in the cellular
redox state are also observed when cells differentiate into
neurons with nerve growth factor (Bai et al., 2003). In
cells with neuronal lineage bias, functions of antioxidant
proteins were detected (Oh et al., 2005). The expression of
such redox proteins is considered important for neuronal
lineage specification. Recently, the redox-mediated
hypothesis of the neuronal differentiation program was
proven (Domenis et al., 2014). Additionally, Fathi et al.
(2014) have reported that redox proteins, including 10
members of the peroxiredoxin (Prdx) family, mainly
increase during differentiation, thus highlighting the
link of neural differentiation to the redox state of the
cells. Therefore, in the present study we evaluated the
gene expressions of the neuronal markers of class III
beta-tubulin (TUBB3) and neuron-specific enolase (NSE)
together with redox genes (TRX1, SOD1, SOD2, PRX2,
GSTT1, and GSTP1) in ADSCs cultured on a very soft
hydrogel surface.
2. Materials and methods
2.1. Hydrogel preparation
Photocurable styrenated gelatin (StG) was synthesized,
and fabrication of gelatinous hydrogel was performed as
previously described (Kidoaki and Matsuda, 2008; Kawano
and Kidoaki, 2011). The sandwich of 30% gelatin solution
with water-soluble sulfonyl camphorquinone (1.5% SCQ
w/v of gelatin) between the surface-modified glasses was
photo-irradiated for 200–300 s (light intensity of 65 mW/
cm2, measured at 488 nm). Surface elasticity was measured
using atomic force microscopy (AFM) (NVB100;
Olympus Optical Co. Ltd., Tokyo, Japan; AFM controller
and software, NanoscopeIIIa; Veeco Instruments, CA,
USA) alongside a silicon–nitride cantilever with a halfpyramidal tip, and nominal spring constant of 0.02 N/m
at ten randomly selected points (n = 10) of a minimum
of 3 different samples (n = 3). The Young’s modulus of
each point was assessed with the force-indentation curve
obtained from the analysis of the surface of the hydrogel
according to the Hertz model (Hertz, 1881; Sheddon,
1965). Tissue culture polystyrene (TCPS) dishes of elastic
modulus of approximately 3 GPa (Callister and Rethwisch,
2000) were used as the control substrate.
2.2. Cell culture
Human ADSCs (passages 3–5) were cultured in Mesenpro
RS medium (Life Technology, Japan). When the cells
reached 70%–80% confluence, they were trypsinized

with 0.25% Trypsin/EDTA and seeded on the prepared
hydrogels and the control TCPS, with a cell density of 2.5 ×
103 cells/cm2. The cells were then cultured in DMEM with
low glucose, and supplemented with 10% FBS, 100 units/
mL penicillin and 100 µg/mL streptomycin in a humidified
incubator with 5% CO2, at 37 °C. The culture medium was
changed every 3 days, and cell morphology was observed
using an inverted microscope.
2.3. RNA preparation
After 4 days, 1 week, and 2 weeks, the samples were
collected for RNA isolation using TRIZOL reagents (Life
Technologies, Tokyo, Japan). The RNA isolation was
performed according to the manufacturer’s instructions.
The contaminated genomic DNA was eliminated by
treating 2 µg of the total RNA with 2 units of Turbo DNase
(Life Technologies, Tokyo, Japan), and 0.56 µg of the
DNase-treated RNA was further used for cDNA synthesis.
2.4. Reverse transcription and quantitative real-time
polymerase chain reaction
The reverse transcription process was performed using
the iScript cDNA synthesis kit (Bio-Rad) in the final
volume of 20 μL. Real-time PCR was performed using
SsoAdvanced SYBR Green supermix (Bio-Rad) in a CFX
connect real-time PCR machine. The expression of the
gene of interest was characterized using the standard curve
method. The reference genes, GAPDH and HPRT, were
used for the normalization of the gene expression. Relative
quantification was performed to compare the expressions
of the genes of interest (relative expression) by using the
cells on the TCPS as the control. The details of the primers
used in this experiment are presented in the Table.
2.5. Immunofluorescence staining of class III betatubulin
Immunofluorescence staining of the ADSCs on gels was
performed as previously described (Kuboki et al., 2012).
After being cultured for 1 week, the cells were incubated
with primary antibody polyclonal antimouse, β3-tubulin
(Sigma, Tokyo, Japan), followed by incubation with
secondary antibodies (donkey antimouse conjugated with
Alexa Fluor @ 488, Tokyo, Japan). The positive fluorescent
signal was observed using the 10× objective lens of a
fluorescent microscope (BIO REVO BZ-9000; Keyence
Corporation, Osaka, Japan).
2.6. ELISA
The ADSCs were cultured on the hydrogels for 4 days and
1 week. The cells were trypsinized and then lysed with
cell lysis buffer pH 8.0 (0.03 M tris-base, 2 M thiourea,
7 M urea, and 0.139 M SDS). Protein precipitation was
performed using the acetone precipitation method.
Protein determination was performed using NanoDrop
2000 (Thermo Scientific), and the protein concentrations
of all the samples were then adjusted to 1 mg/mL with
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Table. Human target genes and reference genes for relative
quantitative RT-PCR.
Target genes
HPRT1
GAPDH
TUBB3
NSE
SOD1
SOD2
TRX1
PRX2
GSTT1
GSTP1

Primer sequences (5’–3’)
F: 5’ CGAGATGTGATGAAGGAGATGG 3’
R: 5’ GCAGGTCAGCAAAGAATTTATAGC3’
F: 5’ AAGGGCTCATGACCACAGTC3’
R: 5’ GGATGACCTTGCCCACAG3’
F: 5’ CGCACGACATCTAGGACTGA3’
R: 5’ TGAGGCCTCCTCTCACAAGT3’
F: 5’ CCCACTGATCCTTCCCGATACAT3’
R: 5’ TGCTCAAGGTCAACCAGATCGG3’
F: 5’ GTAATGGACCAGTGAAGGTGTG3’
R: 5’ CAATTACACCACAAGCCAAACG3’
F: 5’ CTCCCCGACCTGCCCTACGACTAC3’
R: 5’ AAACCAAGCCAACCCCAACCTGAG3’
F: 5’ ACGCTGCAGGTGATAAAC3’
R: 5’ CTGACAGTCATCCACATCTAC3’
F: 5’ CCAGACGCTTGTCTGAGGAT3’
R: 5’ ACGTTGGGCTTAATCGTGTC3’
F: 5’ GCCACACTCTCCGTCAA3’
R: 5’ TGCCAAGAAGAACGACATTCC3’
F: 5’ CTCACTCAAAGCCTCCTGCCTAT3’
F: 5’ CAGGATGGTATTGGACTGGTACAG3’

the sample dilution buffer. Quantitative determination
of thioredoxin1 was performed using the human
thioredoxin1 BioAssay ELISA kit (US Biological T5011–
05M), according to the manufacturer’s protocol.
2.7. Statistical analysis
Student’s t-test was used to determine the statistical
difference between the 2 samples and the 3 independent
assays were performed. The data are presented as mean ±
standard deviation (SD). Statistical significance was set at
P < 0.05.
3. Results
3.1. Cultivation of ADSCs on soft hydrogels
The surface elasticity of the soft styrenated gelatin hydrogels
was measured from ten randomly selected regions from
at least 3 different gel substrates. The average Young’s
modulus of the gels was 4.4 ± 2.6 kPa. The ADSCs at low
passages were seeded at low density (2500 cells per cm2),
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in order to avoid signaling and force transmission from
the contacting cells. It was found that the hydrogels clearly
affected cell morphology (Figure 1A–1C), as the cells
on the hydrogels appeared round in shape (right panel)
with extended satellite-like cytoplasm, whereas those
on the TCPS control (left panel) were well-spread. After
4 days of culturing, the cells on the hydrogels developed
a neuron-like shape with branching fibers extending
outwards from the cell body (Figure 1B). In comparison
to the cells on the TCPS control, which almost reached
confluence in the first week (Figure 1A), the cells on the
soft hydrogels did not appear proliferated. The cytoplasm
of the cells protruded further and then started to connect
to each other in the second week of observation (Figure
1C). Higher resolution images of the cells showed that the
ADSCs displayed a neuron-like morphology after 2 weeks
of culture (Figure 2).
3.2. Time course expression of neurogenic markers of
ADSCs on soft hydrogels
The mRNA expression of neurogenic markers of ADSCs
cultured on different degrees of surface elasticity was
investigated by using quantitative real-time PCR. The data
were expressed as fold change expressions in comparison
to the control TCPS by normalization with 2 reference
genes, GAPDH and HPRT. The result, as demonstrated in
Figure 3, suggests that the expression of TUBB3 slightly
increased at 4 days and significantly upregulated after 1
week. After 2 weeks of culturing, the expression level of
this gene was observed to be constant.
On the other hand, the mRNA expression of another
neurogenic marker, NSE, showed the opposite trend, with
a delayed expression pattern (Figure 4). At an early time,
on day 4, this gene was observed to be downregulated. The
expression was found to have slightly increased at 1 week
and then became noticeably upregulated after 2 weeks of
culturing.
3.3. Expression of redox-related genes of ADSCs on soft
hydrogels
The mRNA expressions of the redox-related genes,
including TRX, SOD, GST, and PRX2, in the ADSCs
cultured on soft hydrogels were quantified as fold change
expressions relative to the control TCPS. The investigation
was performed at 4 days and 1 week of culture, in order
to examine the changes in the expression of the redox
genes of the ADSCs at an early time point. The results
were classified into 2 groups, each consisting of genes that
increased their expression and genes that decreased their
expression upon cultivation on the soft hydrogels.
3.3.1. Redox genes that increased their expression on gels
In this study, 2 genes, TRX1 and SOD1, were found to have
upregulated in ADSCs cultured on gels in comparison to
the control TCPS. The expression of TRX1 was found to
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Figure 1. Cell morphology. Culture at (A) 4 days, (B) 1 week, and (C) 2 weeks. The cell morphology was different
on each surface type: TCPS (left panel) and hydrogels (right panel). It can be observed that cells cultured on the
hydrogels possessed the branching patterns of cytoplasm.

have significantly increased (almost 2-fold) from day 4
to week 1 (Figure 5). As far as SOD1 is concerned, timedependent expression was observed at an early time point.
At 4 days of culture, the expression was observed to have
slightly upregulated before increasing significantly after 1
week (Figure 6).
3.3.2. Redox genes that decreased their expression on gels
Several redox-related genes of ADSCs cultured on soft
gels, including SOD2, GSTT1, GSTP1, and PRX2, were
found to decrease their expression in comparison to the
control samples. Interestingly, the expression of SOD2
was observed to have an opposite trend in comparison to
the other isoform SOD1 (Figure 7). At 4 days of culture,
this gene was found to have significantly downregulated

in the cells cultured on gel samples, and after 1 week
the decreased expression of SOD2 was found to remain
noticeable. In the case of PRX2, the expression appeared
to decrease after 4 days and slightly increase after 1
week of culture (Figure 8). The expressions of the 2 GST
isoforms, GSTT1 and GSTP1, were also observed to have
significantly downregulated for the gel samples at both
time points of observation (Figure 9).
3.4. Immunofluorescence staining
Immunofluorescence staining was performed to confirm
the expression of class III beta-tubulin at the protein level
(Figure 10). In contrast to the control TCPS, which exhibited
a weak signal, intense staining of class III beta-tubulin was
observed in neuron-like ADSCs on the soft gels.
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Figure 2. Neuron-like morphology. After 2 weeks of culture on hydrogels, the ADSCs developed a neuron-like morphology with
extended and branched cytoplasm, similar to nerve fibers, when observed at 200× (A&C) and 400× (B&D).

beta III tubulin
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Figure 3. Time-dependent expression of TUBB3. The results of
RT-PCR indicate that ADSCs cultured on hydrogels show an
increased expression level of TUBB3 on the hydrogels, when
compared with the control group culture on TCPS after 1 and 2
weeks (**P < 0.001).
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Figure 4. Time course expression of NSE. The results of RT-PCR
indicate that ADSCs cultured on hydrogels show the downregulation of NSE on the hydrogels at 4 days of culture. The
expression was slightly elevated and was observed to increase
markedly after 2 weeks of culture.
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Figure 5. Expression of TRX. The upregulation trends of TRX1 at
4 days and 1 week of culture were observed on the hydrogels and
compared to the control (*P < 0.05, **P < 0.001).
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Figure 7. Expression of SOD2. Significant downregulation of
SOD2 was observed to have occurred at 4 days of culture on the
hydrogels when compared to the control group (**P < 0.001).
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Figure 6. Expression of SOD1.The time-dependent expression
of SOD1 on the soft hydrogels compared with the control group
(**P < 0.001).
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Figure 9. Expression of GSTT1 and GSTP1. Decreased expression of GSTT1 and GSTP1 was observed to have occurred at 4 days and 1
week1.8
of culture on the hydrogels
when compared to the control group.
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A

B

Figure 10. Immunofluorescent staining of class III beta-tubulin. (A) human ADSCs cultured on TCPS, and (B) human ADSCs
cultured on the hydrogels.

3.5. ELISA
It was clear that the expressions of the SOD1 and TRX1
genes increased significantly in the cells cultured on
hydrogels. Then ELISA was used to confirm the expression
of thioredoxin1 protein in human ADSCs cultured on
the hydrogels. The ADSCs were cultured for 4 days and
1 week, using the cells cultured on TCPS at 4 days and 1
week as controls, respectively. The level of thioredoxin1
was evaluated using sandwich ELISA, and the results are
presented in Figure 11. The time course expression of the
thioredoxin1 protein appeared to be delayed in comparison
to the expression of the mRNA transcripts shown in the
real-time PCR. It was found that during the 4-day period,
the amount of thioredoxin1 in the cells cultured on the
hydrogels was significantly lower than that in the cells
cultured on TCPS. At 1 week, the amount of thioredoxin
1 in the cells cultured on the hydrogels was observed to
have increased, with levels comparable to those in the cells
cultured on TCPS.

4. Discussion
The present results demonstrated clear morphological
changes in ADSCs, which developed a neuron-like
shape, and in the related upregulation of both neuronal
markers and redox proteins on the very soft surface of
gelatinous gels. The potential of the soft gelatinous gels as
the induction field for neuronal manipulation of ADSCs
has been suggested. The soft gelatinous gel used in the
present study had Young’s modulus of ca. 4 kPa with
a low degree of photo-crosslinking. The setting of low
crosslinking density is essential for preparing such a low
level of Young’s modulus by careful regulation of photoirradiation condition. In principle, the softness of the gel
means a large degree of matrix deformation, which is the
result of ease mobility of partial chains in the hydrogels.
These chains can move mostly under the condition of a
low degree of cross linking. Such ease in mobile partial
gelatinous chains can affect the mobility and stability
of the focal adhesion complex on the cell membrane of

2.5
ng/mL

2.0
1.5

**

1.0
0.5
0

TC 4D

soft gel 4D

TC 6D

soft gel 6D

Figure 11. ELISA. At 4 days of culture, the cells on the hydrogels were
observed to have lower TRX1 levels than those of the cells cultured on
TCPS. At 7 days, the level of TRX on the hydrogels increased to the same
level as the cells cultured on TCPS (**P < 0.05).
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ADSCs, which could influence the mechanotransduction
of the gene expressions or the differentiation of the ADSCs
observed in this study. In what follows, we discuss the
expression characteristics observed for each gene.
The expression of the TUBB3 gene in ADSCs was
found to increase when cultured on the soft hydrogels at 1
week, and the expression of the class III β-tubulin protein
was also confirmed by immunofluorescence. Class III
β-tubulin is a specific marker of neurons and has been used
as an early marker of neuronal differentiation (Easter et al.,
1993; Katsetos et al., 1993, 2003; Kukharskyy et al., 2004).
Moreover, it is transcribed from the TUBB3 gene located
on the long arm of chromosome 16 in humans (Katsetos
et al., 2003). The expression of class III β-tubulin in certain
cell types may be due to the cell-specific developmental
program (Sharma and Netland, 2007). The observed
trend relating to both TUBB3 gene expression and protein
expression indicates the neuronal lineage bias of ADSCs
on soft hydrogels.
In addition, NSE has been known as a neuronal marker
(Kirino et al., 1983). Interestingly, NSE has been reported
to show similar upregulation in different cellular stress
conditions, which suggests that NSE plays a role in the
adaption responses to cellular stress (Yan et al., 2011). The
increment trend of NSE gene expression in the ADSCs
cultured on the soft hydrogels might indicate neuronal
differentiation-linked stress response caused by soft
environments on hydrogels.
As mentioned in the introduction, changes in the
activity of antioxidant proteins, such as TRX1, SODs, GTS,
and GST, occur during the cellular development process
(Oh et al., 2005). In our result, a significant increase in
the expression of the TRX1 gene was observed; therefore,
the sandwich ELISA technique was used to confirm the
change in the TRX1 gene expression. Thioredoxin1,
a product of this gene, performs various functions
within the cells, such as cell proliferation and apoptosis.
A previous study indicated that TRX plays a critical
regulatory role in NGF-mediated signal transduction and
outgrowth in PC12 cells (Bai et al., 2003). TRX appears to
be a neurotrophic cofactor that augments the effect of NGF
on neuronal differentiation and regeneration (Masutani et
al., 2004).
Furthermore, when we observed the upregulation of
the SOD1 gene, the SOD2 gene was found to demonstrate
downregulation. SODs are important antioxidant enzymes
involved in the elimination of intracellular superoxide
radicals (Huang et al., 2012). SOD1 (or Cu-Zn-SOD) is
found in the cytoplasm, whereas SOD2 (or Mn-SOD)
is found in the mitochondria. SOD1 is critical for the
creation of nerve fibers and cell survival (Lee et al., 2002;
Karumbayaram et al., 2009). SOD2 plays the critical role of
a protector from oxidative stress and cell death in neuronal

cells (Fukui and Zhu, 2010). A previous study has also
suggested that SOD2 upregulation might be important
for neuroendocrine differentiation in prostate cancer cells
(Quirós et al., 2009). In the present study, the expression of
the SOD1 gene was observed to have significantly increased
on soft hydrogels after 1 week of culture. However, the
expression of the SOD2 gene in this study was found to be
significantly decreased on hydrogels at 4 days of culture,
and the level of the SOD2 expression was found to have
risen to the same level as the control group at 1 week of
culture. When considering the time period on hydrogels,
this change might imply an increased expression of SOD2
on days 4 and 7. Interestingly, these results demonstrate
that increased expressions of TUBB3 occurred at the same
time of culture as those of TRX1 and SOD1.
The effect on the PRX gene expression may strengthen
the hypothesis of redox involvement in the lineage control
of ADSCs. PRX is a peroxidase enzyme that catalyzes
the reduction of intracellular peroxide by acting with
thioredoxin (Chae et al., 1994). Of all PRX isoforms,
PRX2 is the most abundant among the mammalian
neurons (Fang et al., 2007). PRX2 plays an important role
in the prevention of oxidative stress in neurons. Increased
expression of PRX2 maintains thioredoxin in a reduced
state by inhibiting cysteine thiol-disulfide exchange (Hu et
al., 2011). PRX2 is a vital enzyme in the phosphorylation
signaling pathway, which suggests that PRX 2 may control
intracellular signaling (Park et al., 2014). Though the
increase trend observed in the PRX 2 expression was weak
and not statistically significant, it was reasonable, because
PRX2 is a dominant enzyme found in mature neurons,
and this study was performed at the early stage of cellular
development. In addition, the expressions of GSTT1
and GSTP1 were decreased on the soft hydrogels when
compared to the control. This result seemed to correspond
with the findings of the study by Sobczak et al., which
suggested that with the downregulation of GSTT1, a rescue
pathway can be activated, thereby enabling differentiated
PC12 cells to survive (Sobczak et al., 2014).
Overall, the results of this study indicated that increased
expression of the TUBB3 gene might be involved in changes
in the redox gene expression. However, the following key
question remains: which factor triggered the change in
the gene expression upon cultivation on soft hydrogel?
As previously mentioned, oxidation and oxidative stress
may be part of the key mechanism involved in neuronal
gene expression (Gopalakrishna et al., 2008; Cassano et al.,
2010; Vieira et al., 2011). The oxidative stress relating to
neuronal gene expression in the ADSCs may be given by
the specific level of intracellular prestress set on the very
soft condition of hydrogels. In general, a soft substrate
causes less spreading of the adhered cell, which results in
lower prestressed state of the cell. The specific factor of the
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oxidative stress inducing neuronal lineage bias in ADSCs
needs further study, including the investigation of TUBB3
expression in the presence of thioredoxin1 inhibitor.
In the present study, the possibility of neuronal
lineage bias of ADSCs cultured on soft gelatinous gels
was characterized by way of checking the gene expression
of neuronal markers and redox proteins. The observed
upregulation of the neuronal early markers of the TUBB3
and NSE genes suggests significant neuronal lineage bias of
ADSCs. The promising possibility of using soft hydrogels

as biomaterials for neuronal differentiation was confirmed.
The significant upregulation of TRX1 and SOD1 and the
trends of increased SOD2 expression and PRX2 expression
might play a role in the expression of neuronal markers, or
they could be a response to the oxidative stress caused by
the hydrogels, further studies of which are required.
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